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WELCOME AND INTRODUCTORY REMARKS

S. J. Lukasik
ARPA

Good morning. I would 1ike to welcome you. We are very
happy to have all of you here. i am, of course, pleased to see the
amount of interest in the technical comnunity on our subject.

Let me outline the extent of the ARPA interest in this area
so that we can better understand each other's motivaticns.

This meeting is the second of its kind. The first meeting
was held a little over two years ago, in January '68. At that time
we believed there was a lack of communication between the people who
did multidimensional hydrodynamics calculations, the people who under-
stood the properties of rocks, particularly real materials as they occur
in bulk, and the people who are involved in various sorts of problems
related to solid earth geophysics having a military interest. I can
mention two widely different kinds of solid earth geophysicists as
examples. One is those who are interested in what went on at the Rocky
Mountain Arsenal and the apparent generation of earthquakes as a result
of fluid injection. Another example is the community involved in cal-
culating underground explosions.

The ARPA interest in this latter field has been related to
the work in our Nuclear Monitoring Research Office on seismic detection
and identification for the purpose of supporting negntiations on under-
ground test ban treaties.

There are several reasons why we are interested in such
phenomena. In particular we have been concerned with what someone can
do to evade a treaty. One must think about the problems that a treaty
should address: what you can do to detect and identify possible vio-
lations and what the other side can do to circumvent your doing this.

This consideration has motivated us since about 1965. We have
pursued this question largely in an empirical way; the reason bei:q that
the arithmetic is complicated and many of the important physical proper-
ties of the systems involved are not known. The usual way to proceed in
such a case is to take an empirical approach, which means firing under-
ground shots or doing some sort of scaled experiments. Because we do
have a fairly broad interest in this, Tet me mention several particular
things that have concerned us.

First, there is the coupling of underground explosions in
porous media. It is easy to talk about granite, but quite a different
thing to discuss porous media--either aliuvium or porous mixtures of
rocks. Al1 sorts of tuffs occur in a wide variety of sizes and shapes
and have different properties. The problem of calculating how much



seismic signal comes from a given yield in such surroundings is
fairly complicated.

As another example, utilizing the so-called cavity decoupling
concept one can fire nuclear devices in holes. But when you look into
this possibility you find that the holes are large, expensive, and
perhaps not credible. On the other hand, it turns out you can overdrive
and fire larger yields than one would expect for full decoupling without
paying too high a price in seismic sianal. The details of what happens
in such a case depend critically on the behavior of rock stressed beyond
its elastic 1imit which means phase changes, cracking, and so on.

The whole business of the construction of cavities <n various
media requires an understanding of the properties of rock and involves
fairly complicated calculations. We have had occasion to look into the
question of the stability of such cavities because one of the questions
immediately asked is "How big a cavity can you make?" Depending on
what you do thereafter, the answer essentially sets an upper Timit on
the yield one can possibly use and still get relatively small signals

Finally, there is another scheme we have been interested in--
th2 possibility of hiding a clandestine shot in an earthquake. At
first glance this procedure doesn't seem enormously useful because
earthquakes of the right size and location are not that frequent, and
it doesn't seem Tike a very practical way to run a weapon test program.
On the other hand, if one has control of the earthquake one is hiding
in, that fact changes the likelihood by several orders of magnitude.
Thus we are interested in the question of how one creates earthquakes.
From the Rocky Mountain Arsenal experience it would appear that it is
possible to generate earthquakes.

Thus in all of these problem areas there is a need for under-
standing the properties of the material under explosive loading con-
ditions as well as on the slower time scale involved in hydrofracturing
or some other technique for relieving stresses and causing changes in
natural seismicity.

So you see why we are rather interested in this whole subject
area. But what is the point of getting everyone together? Just what
are we pushing in particular? At the risk of displaying a personal
prejudice, it seems to me that in the long run the class of questions
that are involved is very large. The cost of approaching all of these
problems empirically is very high. The number of questions and the
degree to which we want answers probably exceeds our pocketbook, and
at the present rate it appears that they will become even more so in
the future. Therefore, it would seem that we should proceed in a
different manner. It is my belief, and I am sure it is shared by others
here, that one can calculate the answers to a large number of the
questions. I won't be so rash as to say one can calculate sufficient
answers to all the questions involved, and I think that is one of the
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noints of a meeting such as this, to.help clarify what the balance of
computation, laboratory work, and field experiments should be.

In any event, if one is going to do an experiment, one can
accomplish much by computation in searching through the many parameters
that are involved to select the best experiment. In so far as one is
given an unlimited computer capacity one can do almost anything. The
key point is computer capacity.

Several things have happened in the last few years since we
started thinking about this aspect. There is, of course, an impressive
amount of computer capacity in the world already, and you have all
seen some of the results. On the other hand, I think that when one
looks carefully into this, one concludes that the details of the
questions we can ask and the number of such questions probably exceed
the computer capacity available today, at least in terms of any
realistic computing budget. When the computing job looks as though it
will cost one or two million dollars, you begin thinking about doing the
nuclear shot which costs about the same amount and doesn't have the
theoretical ambiguities associated with it.

We have been working with that problem in our Information
Processing Techniques Office. For several years they have supported
the construction of a high-speed parallel processor called ILLIAC IV
that Burroughs is building under subcontract to the University of
IMlinois. This is, of course, not the only supercomputer which is
under construction, and I am sure that other computer companies have
products in design. But it is always easier to talk about something
that you know about, is 1ikely to come into existence, and we already
own anyway. It is a very fast machine. We expect the ILLIAC IV to be
faster by a significant amount than any existing or planned machine and
to be on line sometime in 1971. A substantial fraction of this machine
has been allocated to problems of the kind I mentioned earlier.

Therefore, I think that comments 1ike "That is all very well,
but we don't have enough computing capacity" are not adequate reason to
preclude the computational approach to the various problems that are
the subject of today's discussions.

Data to be input to the machine is another question. It is
somewhat indefinite. I hope that one of the primary results of this
and presumably subsequent meetings would be to settle some of these
difficulties. We all have used computers enough to know one of the
first rules of computation is "Garbage in, garbage out." It is very
easy to generate garbage; computers are very good at that. Therefore,
it is extremely important that we understand the physics of our
processes when we write the programs and tha* we understand the material
properties that we input to the machine.

This is now the key point in this whole proaram. I think we
know what we want to do. I think we know how to write hydrodynamic
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codes. We have or soon will have adequate computer capacity,:at least
in order to go on to the next step. But I am-not at all certain that
we understand the properties of the materials, either in general orias
far as the specific numbers that should be used to represent a given
material under pertinent physical conditions. , ' .

' ! I !

To broaden the subject somewhat, I would Tike to point out
one other thing that has happened 'since the first meeting several
years ago. ARPA, in our Nuclear Monitoring Research Office, has
started a new program called the Military Geophysics Program. While it
is related to, and stimulated by, much' of the physics that fas been
involved in the treaty evasion--Froject-VELA;kinds‘of interests, it is-
a new program and it is intended to explore the military and defense
consequences of a broader range of problems in solid earth geophysics.
One of them I have mentioned already, the generation of earthquakes, at
Rocky Mountain Arsenal. This is not a direct concerr. of Project VELA,
although it does stimulate us to think about what would happen if one
could generate earthquakes on demand’. Another problem of concern is
seismicity related to large underground explosions. !

! i

Finally, there is a part of the program I would 1ike to just
mention although it is not a part of the program in the Defense .
Department at this time. That is the possibility of earthquake control.
It is likely that if one understands epough about the properties of
materials and one does just the right things, one can:.relieve crustal
stress in a way that is less damaging than what happens when there is a
sudden release of stress energy in the rorm of a large earthquake.

}

We have also looked into the problems of'underground excava-
tion and the appropriate properties of rocks.. I mention for complete-
ness that we are interested in instrumentation, the.problems of
measuring properties particularly of rocks at greal depths that one
needs use in the computer codes. ‘We are interested in a'number of
similar things, problems that are fundamentally amenable to calculation
but ones where we must have a good understanding of the properties and
materials as well as having a rather substantial computational capa-

bility to attack realistic: probléms in a‘realistiC'way. . ’

l
Well, I think this introduction is enough. My only purpose
has been to indicate to you some idea of the extent and breadth of our
interest. Let me say again that I am very pleased to have you all here.
I hope the discussions will be fruitful. and that we will come to some
general agreement as to what <an be done and what can't be done and what
the next steps are. ‘ '

'
1



ROCK PROPERTIES

John Handin
Texas A8M University

I wovid 1ike to begin by philosophizing a little about
rock-properties testing, then briefly to review what we know about the
constitutive relations of rocks under conditions relevant to the
seizmic-coup]ing problem, and finally to suggest where more work is
needed.

The measurement of rock properties has a kind of uncertainty
principle of its own. How do we select and collect sampies that are
Epth undisturbed and representative?

To obtain a laboralory-size specimen we must forcefully
remove an element of the material from its natural environment. In
contrast to soils, rocks can usually be sampled without seriously
'disturbing their structures if due care is taken. The question is,
do we properly simulate the natural environment when we return the rock
to the laboratory and test it? I think the answer is affirmative,
provided that the special boundary conditions imposed by any particular
test are accounted for.

_ The choice of samples is much more difficult. What is a so-
"called "representative" sample of the real rock mass? Rock is struc-
turally and compositionally complex. It is never ideally (and rarely
even statistically) homogeneous and isotropic, especially in domains of
a few cubic meters or more. The shallow crust is characterized by
rapid lithologic variations both vertically and laterally, and because
of very nearly ubiquitous layering and fracturing (or jointing), it
cannot be validly treated as a mechanical cortinuum. Are laboratory
tests on a few small samples from a few points in the real heterogeneous
rock mass worth doing at al1? I say yes, stipulating that the testing
is done for the right reasons, because the only alternative, in situ
testing, is now very expensive and time consuming. Furthermore, current
- field measurements are usually, if not always, subject to uncertain
interpretation, and their extrapolations to neighboring regions of the
rock mass are nearly as risky as are those of the laboratory measure-
ments themselves.

What are the right reasons for laboratory testing? The all-
too-common, blindly empirical collection of raw data is surely not one
of them. Rather the principal purpose should be to provide realistic
working models of rock masses--the mathematical models of the media that
are plugged into the code calculations to predict ground motions. We
have long had en~ugh experience to place reasonable upper and lower
bounds on the response to dynamic loading, given even a limited sampling.
If, for example, the Piledriver rock had been treated not as a strong
granite but as the blocky, water-saturated mass geologists knew it to
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be, the recorded ground motions need have surprised no one. Although

a general theory of rock failure is unlikely to emerge soon, laboratory
work can provide empirical models which can in turn help guide the
vastly more expensive field tests that will be needed for the ultimate
check on our concepts of seismic coupling.

The constitutive relations of rocks depend on a baffling
number of intrinsic and extrinsic variables--at least on composition
and fabric, the state of effective stress, temperature, strain rate,
and strain too because of work hardening or softening. The purpose of
laboratory testing is not only to delineate the modes of failure and
measure the mechanical properties as functions of these variables, but
to sort out the parameters and assess their relative importance. Even
if a completely realistic failure criterion could be devised, it would
not be mathematically tractable. Our working models will necessarily
always be idealizations of the real rock mass. Labo:atory experiments
that simulate the natural environment as realisticaliy as possible and
that reckon favorably with the facts of nature can help us select the
successful models that most nearly approximate the in situ deformations
but are also practicable. The choice should be made in the light of the
geological description and of the parametric studies of code calculations.

It has been suggested that as long as the purely mathematical
theories provide solutions fitting the recorded ground motions, then
the physics of the deformation is only of academic interest. Indeed,
using the Drucker-Pracer yield condition and associated flow rules, we
have rather successfully predicted the deformations of loose, granular,
triboplastic media like alluvium without really knowing why. However,
I reject this approach to problems in rock mechanics. Ignoring the
geology and ignorance of the physics are exactly the reasons for our
severely limited ability to predict ground motions in untested rock
media.

I would also like to ask for standardization, without which
interlaboratory comparisons of data will always be suspect. Standardi-
zation involves both the testing procedure and the material itself. The
ASTM has published (or socn will issue) standards for static, uniaxial
compression and tensile tests, for dynamic measurements of elastic
properties, and for static, triaxial-compression testing under con-
fining pressures to about 1 kb. One might prefer somewhat different
procedures. Nevertheless I recommend the universal adoption of these
ASTM standards. At least we can then be sure all data are comparable.
Experiments at high confining pressure are done pretty much according
to individual taste. Interlaboratory correlations are not valid unless
the peculiar constraints of each apparatus are duly accounted for.

What about the material? Many interlaboratory studies have
been and doubtless will be made of what is supposed to be the same rock.
Considering heterogeniety of rock, we can judge that samples are
identiral only by the careful petrographic examination that is too often
neglec*ed.
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At the last ARPA seismic-coupling meeting in Menlo Park,
abor . 2-1/2 years ago, the discussion centered on the best choice of
failure criteria for intact rock. Althcugh the physics of the fracture
of brittle rock and the so-called "plastic" flow of ductile rock were
not well known (and still aren't), there seemed to be general agreement
that the Coulomb-Mohr fracture criterion and the Mises yield condition
were at least adequate mathematical formalisms. Several of the parti-
cipants emphasized, however, that the real rock mass is not a homo-
geneous, isotropic continuum and that to predict the deformation one
must know not only the properties of the intact rocks but also the
influence of defects such as layering and jointing of which few rocks
are free.

Although we still need more information on dynamic strength
and on unload’ng--that is, the complete stress-strain curve, both
dynamic and static--our knowledge of the mechanical properties of
intact, homogeneous rock is pretty good. This information is well
known to some of us, but the rock-properties people do not seem to have
effectively communicated their ideas to the seismic-coupling community,
so let me review these data briefly by examining some typical stress-
strain curves. :

At constant temperature and strain rate (Figure 1A), effective
confining pressure, increasing upward in curves A through D, enhances
ultimate strength or peak stress difference (curve B), raises the yield
stress (curve C), and favors work- or strain-hardening (curve D). Ductil-
ity is also enhanced as the rock tends to pass from the brittle state
(curve A) through transitional states (curves B and C) to the fully duc-
tile state of uniform flow (curve D).

At constant effective confining pressure (Figure 1B),
increasing the temperature at constant strain rate, or what is equiva-
lent, decreasing the strain rate at constant temperature both tend to
reduce ultimate strength and yield stress, to increase ductility
(curves E through H), and to eliminate strain hardening.

According to Terzaghi (1943)*, the effective stress is the
difference between the total stress and the hydrostatic pore pressure;
it is the stress in the solid framework of the rock.

Let's consider the influence of pore pressure on the
inelastic deforrsition of a porous, permeable sandstone (Figure 2). The
lewer series of stress-strain curves shows two important effects of
increasing the pore pressure {or decreasing the effective pressure)
from 0 to 2 kb at a constant total confining pressure of 2 kb. Clearly
ultimate strength and ductility are both reduced. The well defined peaks
of the lower three curves signal the onset of faulting.

¥ References are listed alphabetically on pages 30-31.
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| Figure 2. Stress-Strain Curves for Berea Saiidstone Compressed at
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suré; pp = pore pressure; pc - pp = effective
confining pressure. (After Handin et al. , 1963, Fig-
ure 4).
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That these properties are functions only of effective stresses
and not of the absolute values of either total or pore pressures is evi-
dent from comparisons of the three essentially identical curves in
upper part of Figure 2. This rock behaves similarly in every test in
which the effective pressure is the same, namely, 0.5 kL.

Another way of demonstrating this principle i~ by drawing the
Mohr envelopes. One-half of the stress circles represe:ting the extreme
principal stresses at the failure of the dry rock are constructed in the
lower part of Figure 3. '

3
T

SATURATED

SHEARING STRESS - KILOBARS
o
¥

| ) | 2 3 4 5 & 1
NORMAL STRESS - KILOBARS

Figure 3. Mohr Envelopes ildentical) for the Ultimate Compressive
Strengtn of DUry and Water-Saturated Berea Sandstone.
(After Handin et al., 1963, Figure 7).

The linear enveiope tangent to these circles represents the Coulomb cri-
terion where the cohesive resistance at zero normal stress is 200 bars,
and the angle of internal friction is a little less than 30 deg. The
envelope tangent to the principal effective stress circles at the ulti-
mate compressive strength of the water-saturated rock, plotted in the
upper half of the figure, is virtually identical. The certer of a stress
circle merely moves toward zero along the normal-stress axis by the
amount of the pore pressure. Note that if the cohesive strength were
zero, that is, if the rock contained a pre-existing fracture, the
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envelopes would pass through the origin of the t-o diagram, and when the
total and pore pressures were equal, the rock would possess vanishing
shear strength.

Brace (1968) has shown that the effective stress concept is
even applicable' %o rocks!1ik&igranite with extremely 1ol ‘pordsities and
permTabilities,Qprgvjdgdiyhpt“ﬁhe strain rate is low enough for equili-
bration of pore’pressure. 1f*the time of compressive strpin is shorter
thanithe equilibration time, thére are two possibilities. Iniro¢ksiwith
porogities of a few jerceft-or more, the void volume may detrédsﬁ. -The
pore.pressure will then rise, and the strength will decrease (Handip
et al., 1963). < P |

WaslE ihie i _ah .

On the gther hand, compact crystalTine rocks 1ike granite and

g

!
basalt may be dilatant even under confining pressures off-geve,al kilo-
bars. Idealized btress-strain curves reflect four regions of deforma-
tion (Figure 4). . In"region 1 where the stress level is low, the axial
and volumetric stress-strain curves are both nonlinear, owing presumably
to the closing of microcracks. This is also the region where dynanic
and static measurements of elastic "constants" fail to aaree. In
region 2 pre-existing cracks have closed, and both curves are linear--
that is, the deformation is perfectly elastic. Volume is decreasing.
In high-stress region 3 the axial strain still increases, though in-
elastically. However, the volume strain reverses sign. It increases
as the rock becomes dilatant, owing presumably to the opening of micro-
cracks parallel to the maximum principal compressive stress. Here pore
pressure will fall and strength will increase. Brace (1968) appro-.
priately calls this phenomenon dilatancy hardening. Both hardening and
softening should be looked for in dynamic tests on saturated rocks.

Dilatancy is premonitory to macroscopic shear fracturing
after which the deformation in region 4 is due to s1ip on the new
fracture surface.

Scholz (1968) has confirmed these suggested mechanisms by
listening to the sounds emitted by deforming specimens (Figure 5).
Under the high confining pressure of 4 kb most pre-existing-cracks
have already closed so that few microseismic_events occur at low-stress
levels. Beginning at a differential stress of about 8 kb, half of the
macroscopic breaking strength of this Westerly granite specimen, the
number of events increases rapidly and goes off scale just prior to
rupture.

Swanson (1969) has also observed dilatancy, and he has shown
how to incorporate this effect into a constitutive model. Curves of
shear stress versus shear strain and mean pressure versus volume strain
in cyclically loaded Westerly granite reflect significant hysteresis
(Figure 6). Porous rocks can be hysteretic even under purely hydro-
static stress if their frameworks break down.

n
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Figure 4. Idealized Triaxial Compression Stress-Strain Curves for
Compact Crystalline Rock. (After Brace et al., 1966,
Figure 5).
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The two important macroscopic defects in rock masses are
layers and fractures (or joints). Both can impart a significant
strength anisotropy tQ the medium. To assess the influence. of these
defects-on the deformation we must compare the frictional properties of
the interlayer and fracture surfaces with the strength:properties of
the intact rock. A — '; T

; O } L ‘
If pre-existing fractures (or joints) do not have strong
preferred orientations, they may.merely degrade iltimaté “strength
without imparting important directional properties to the rock. Figure
7 compares:the stress-strain curves from triaxial-compression tests on
intact Westerly granite with those obtained for the randomly precracked
rock over about the same range of confiping pressure, At Tow pressures
the cracked rock is clearly much the weaker. With jncreasing pre&sure
the disparity becomes smaller, until.at 4.8 kb the intact rock, though
somewhat the stiffer, is no stronger\iban the cracked rock. In other
words » the higher the mean pressure, the Tess. important are the defects,
as one would expect. b ! . ; '

\,
AR .‘.\h A '—-

If the fractures are.greferenti;$1y oriented'with respect to

the stress field, they do impart a-planar anisotropy tékthe rock which

A

must be accounted for in our~calculatigns of deformations. <§;
o N \, | I

The sliding friction of rock surfaces has bee:\investigatgd
by several workers during the past ten years or so. Because the di-
mensions of natural fractures and the spacings between them are
generally large relative to the maximum specimen size available Lo moct
laboratories, systematic studies have been done largely on artificial
surfaces created with a diamond saw.

Let's compare the resistance to sliding with the intact
strength in triaxial-compression tests of 2 by 5-cm, jacketed cylinders
of dolomite, sandstone, and 1imestone (Handin, 1969a). In the intact
state these rocks are statistically homogeneous and isotropic in that
breaking strengths are reproducible and independent of 1oad grientation.
Ultimate compressive strengths are nearly linear functions of confining
pressure to at least 1 kb.

Specimens were cut at 5-deg increments from 30 deg to 70 deg
to their longitudinal axes. Cuts of lower inclinations would intersect
the ends. To facilitate correlations between tests, the surfaces were
Tightly polished merely to make them all as nearly alike as possible.

Figure 8 shows a typical force-time record of a triaxial test
on a sample of sandstone cut at an angle 65 of 45 deg to the maximum
principal compression. Initially the constant force is due to the
pressure of the confining fluid on the Toading piston. When the piston
contacts the s; :cimen, the force rises linearly as the rock is
compressed elastically. The force drops suddenly as slip on the cut’
begins and then oscillates because of stick-slip. Whether sliding
occurs stably or by a stick-slip depends on the nature of the rock
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Figure 7. Stress-Strains for Intact and Precracked Westerly

Granite Compressed Under Different Confining Pressures.
(After Smith et al., 1969, Figures 5, 6).

16



surface, on normal stress, temperature, and probably strain rate, and
on the inertial properties of the testing machine (Brace and Byerlee,
1966). The force drops suddenly to its initial value when the jacket
breaks after large offset on the cut. The longitudinal maximum princi-
pal compression o1 at the onset of sliding is equal to the differential
force AF divided by the cross-sectional area plus the confining pres-
sure. The lateral minimum principal compression 03 is, of course, just
equal to the confining pressure. The angle of the cut 65, or of a
shear fracture 6f, is measured clockwise from oy. The normal stress o
and shear stress 1 on the cut are calculated from the equations in the
Tower left, and the coefficient of static friction u is taken as the
ratio of v to o. A separate run was made at each increment of con-
fining pressure from 250 to 2000 bars because the process of slip
itself may modify the nature of the surface.

[
- ] 8~
Fef
o 6
= w
' - JACKET
S BRE AKS SLIP
Z i
54
— - -—— w LOADING
CUI)/ S
— b
=2 DUE TO CONFINING
PRESSURE
FAULT ! 1 l |
0 2 4 6
FORCE (DYNES X 10~ %)
ON PISTON
“r+ ﬂ'} n'I-ﬂ!
s cos 28. 0, =CONFINING PRESSURE
0’|-0’3 9
T=—7— SIN 20 o,=0OF/AREA + o,

Figure 8. Stresses on Sliding Surfaces in Cylindrical Specimens Under
Triaxial Compression (left). Typical Force-Time Curve for
a Specimen Transected by a Saw Cut (right).
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Figure 9 shows the coefficients of sliding friction, u, on
45-deg saw cuts in four rocks as functions of normal stress, o.

In Tennessee sandstone, the constituents of which are brittle
under the test conditions imposed here,. the decrease in u is relatively
small, 11 percent over the normal stress range of about 1 to 6 kb. '
Byerlee (1967a) has suggested that at low:.normal:stresses surfaces )
slide by 1ifting over asperities, whereas at higher stresses the
asperities must be broken through. If the material is in the brittle
state, then in the latter stage the shear stress for sliding should
increase linearly with normal stress as the Coulomb criterion predicts,
that is, u should remain constant. The behavior of’ this sandstone does
not differ widely from this idealization, since the rate of change of
u is high at low normal stress. and very small at high normal stress.

In the dolomites the decreases in u with increasing normal
stress from 0.5 to 3.5 kb are large,'27 percent for Blair and 22 percent . .
for Knox. The changes of i are about the same, apd they are nearly:
constant. The only ready explanation for these reductions of the co-
efficients of friction is that these rocks are passing through the
brittle-ductile transition and are behaving as do "plastic" metals, in
which a variable u is well known. - A large reduction (18 pergent)lis
also observed in Solennofen limestone, and here the rate of change of
u definitely increases above a normal stress of 4 kb. The corresponding
mean pressure is about 3.5 kb, which is well abovg the 2.7-kb transition

pressure. ; - )

To investigate the preference for shear fracturing or for slip
on the cohesionless cut, we can superimpose a sliding line' on the Mohr
diagram (Figure 10). From a particular pair of values of the extreme
principal stresses at failure, we construct a stress circle whose radius
is half the stress difference and whose center lies on the normal-stress
axis at half the sum of the principal stresses. The linear Mohr enve-
Tope, which represents the Coulomb-fracture condition, is tangent to
the circle, has a slope equal to the tangent of the angle of internal
friction ¢, and intersects the shear-stress axis at 14, the cohesive
shear strength. The tangent point gives the values of normal stress
of and shear stress t¢ on the fracture plane which lies at an angle of
26¢ from o7, as measured clockwise from the normal-stress axis. Fracture
is supposed to occur when the total shearing resistance iz equal to the'
cohesive strength plus the internal friction o tan ¢ on plands making
an angle o¢ of 45 deg minus half the angle of internal friction. This
criterion is not mechanistically satisfactory, but it does predict both
breaking strength and fracture angle pretty well for the particular
state of stress of these experiments. '

1

|
The sliding line for a cohesionless cut passes through the
origin and has a slope equal to angle of sliding friction, the argle
whose tangent is the coefficient of sliding friction u. The two pairs
of coordinates at the intersectionsiof the line and the Mohr stress
circle satisfy the condition for sliding that the shearing resistance

i
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1g equals the product of the coefficient of friction and the normal
stress og. That is to say, sliding on these two planes is just as
likely as fracture, and sliding is favored on all planes lying between
them. One of these is at a low'angle to o] and would intersect the ends
of the specimen, thus it was not investigated. To simplify already
cluttered diagrams, sliding links will be extrapolated linearly through
the origin. Slip on the other plane, inclined at an angle 8¢ of 30 deg
or more to oy, can be compared with fracture.

SHEAR FRACTURE (MOHR)
ENVELOPE

SLIDING LINE

[
w
{70 ]

- r)
gg 5
=
]

E j
o
- 2190,- 8¢
" I b | ]
a, o, + Fi i
2

— NORMAL STRESS, ¢

CouLoOMB FRACTURE SLIDING
=1, + 0 TAN ¢ T = MO
o ¢
- + o LU

Figure 10. Mohr Diagram with Shear Fracture Envelope and Line
for Sliding on a Cohesionless Cut.

Consider some test data at a confining pressure, 03 of 1 kb
(Figure 11). Consider Blair dolomite with cohesive strength of 450
bars and angle ¢ of 45 deg. For the normal stresses on high-angle cuts,
u is about 0.4 at this confining pressure. The contrast between the
angle of internal friction ¢, 45 deg, and the angle of sliding friction,
21 deg, is the largest encountered. We predict that slip on a 65-deg
cut is as likely as fracture. Indeed we observe that sliding alone
always occurs at 60 deg and less. Fracturing alone occurs in 70-ceg
cylinders at about 20 deg to o7 in accord with the Coulemb condition.
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SLIDING SLIDING AND FAULTING
ONLY FAULTING ONLY

Figure 12. Blair Dolomite Specimens with 65-deg Saw Cuts.
(After Handin, 1969a, Figure 3).

Either sliding, fracturing, or both is seen in specimens with
65-deg cuts (Figure 12). In the central cylinder the fault has offset
the cut, but to a lesser degree, sliding has offset the fault as well.
The traces of the cut and the fracture on the circular section are
nearly always parallel, but dip directions are inconsistent.

Tennessee sandstone has a t, of 500 bars, ¢ of 40 deg, and the
highest angle of sliding friction, about 35 deg (n = 0.7) (Figure 11).
We predict that fracture at 25 deg is preferred for cuts of 50 deg or
more, and this is just what we see.

For Solenhofen limestone the angle of sliding friction, 32 deg
(v = 0.62), exceeds that of internal friction, 28 deg, and the 105U-bar
cohesive strength is very high, so that fracturing at 31 deg rather than
sliding should occur at 55 deg and tore.
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For Lueders limestone the 31-deg sliding friction angle (n =
0.6) also exceeds the internal friction angle of 28 deg. Here the co-
hesive strength is so .low, only 150 bars, that the sliding line almost
fails to intersect the stress circle at all. S1ip should become barely
possible at 34 deg. Displacement on a 30-deg cut does occur, but since
this surface Ties very near the 31-deg plane of potential failure,
sliding and faulting are no lTonger really distinguishable.

If the mean prcssure had been a Tittle higher, the limestone
would have deformed as if it had been intact without regard to the pre-
existing joint. The Mohr envelopes and sliding lines of all rocks
eventually curve toward the normal:stress axis if only the mean pressure
is high enough. Once these two curves intersect, sliding is no longer
possible, and the effects of jointing can be ignored--that is, the rock
can be treated as if it were intact. For strong rocks like granite
this condition will probably be reached at effective confining pres-
sures Somewhere between 12 and 20 kb. More work is needed on this
problem.

What is the effect of pore pressure on sliding friction? By
plotting the shear stress against the effective normal stress for the
maximum friction on ground surfaces of water-saturated Westerly granite,
Byerlee (1967b) has shown that the effective-stress concept holds
(Figure 13). The slopes of the curves for three different pore pres-
sures are all the same, namely, 0.6. This result implies, of course,
that in a saturated, jointed rock mass, block motion will probably occur
no matter how high the total stresses may be. Because the framework
compressibility may well be less than that of water, rapid loading will
tend to raise pore pressure and to reduce the shear strengths of joints.

The measurements on artificial surfaces yield coefficients o7
friction in the range of 0.4 to 0.8 for the common rock types. Are
these values valid for natural fractures? The few tests done to date
suggest that they are in fact representative of the real rock mass.

The Corps of Engineers (1965) has compared the Mohr envelope of intact
gneiss with those of samples containing dry, open natural joints, dry
saw cuts, and wet saw cuts (Figure 14). Note that natural and arti-
ficial joints have the same sliding Tine. Also note that the shear
strength of the joint in the water-saturaged gneiss is nearly vanishing.

The dramatic effect of layering on strength has been demon-
strated by Donath (1961) in triaxial compression tests on a slate with
a pronounced planar anisotropy due to cleavage (Figure 15). From a
series of tests at three different confining pressures he has plotted
ultimate compressive strength against the inclination of the cleavage
with respect to the maximum principal compressive stress, o1. The
highest strengths are measured at 0 deg to 90 deg--that is, parallel
and normal to cleavage. Thirty-degree specimens have the lowest
strength. These results imply that the cohesive strength, the internal
friction, or both are lower in the cleavage plane than elsewhere in the
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Figure 13. Shear Stress Versus Normal Stress for Maximum Friction

on Ground Saw Cuts in Water-S~turated Westerly Granite.
(After Byerlee, 1967, Figure 5).
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rock. We do not know to what mean pressures this anisotropy will per-
sist. We do know from other work that gneiss, schist, and slate are
still strongly anisotropic under 5 kb confining pressure (Borg and
Handin, 1966).

Cleavage also influences the orientations of shear fractures.
For inclinations of cleavage from about 5 deg to 45 deg the fractures
tend to follow the layering. In 90-deg specimens fracturing occurs at
about 30 deg to oy as usual. In 60-deg and 75-deg specimens, although
fracturing does not follow cleavage, it is influenced by the anisotropy
as it occurs at about 45 deg and not 30 deg to oy.

In summary, laboratory techniques for measuring the elastic
properties and static-strength properties are well established, and the
phenomenological behavior of intact homogeneous rocks is pretty well
understood. Further experimental work is needed on anisotropic rocks
with layering, jointing, or both. We need more dynamic testing of both
intact and cracked material--both wet and dry--over the entire range of

confining pressure from 1 bar to 100 kb.

It should be obvious that because of the heterogeniety of
rock, its properties as associated with any particular ground-motion
prediction should be determined on samples collected at or near the
shot point.

We knew much of this at our last meeting 2-1/2 years ago.
What has been accomplished in the meantime? I think there have been
several significant advances:

(1) We are beginning to collect gas-gun data on cracked, water-saturated
rocks up to about 100 kb and reliably to map release pa*ths (e.q.,
Lysne, 1970; Peterson e* al., 1969).

(2) We have improved our capability to deform large samples and hence
to test natural defects under moderate confining pressure. I
should add that we have not always utilized already available
facilities. The Bureau of Reclamation laboratory can handle 15 by
30-cm cores up to 8 kb.

(3) Because much ground motion occurs during unloading, it is important
to obtain complete stress-strain curves. Using very stiff testing
machines, Wawersik (1968), Rummel (1970), and others have obtained
a few such curves, exemplified in Figure 16. In very brittle
rocks Tike the basalt and Solenhofen Timestone, fracture still
occurs too rapidly for delineation of the entire unloading path.
Modern electrohydraulic, servo-controlled testing machines of high
apparent stiffness may yield more nearly complete curves of brittle
materials than could be measured previously. In any event, curves
are now much easier to obtain. '
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Figure 16. Stress-Strain Curves for Rocks from Uniaxial Compression

(4)

(5)

(6)

Tests in a Stiff Machine. (After Wawersik, 1968, Figure 3).

These machines can also be programmed for one-dimensional compres-

sion tests, proportional-loading tests, and just about any dynamic

loading up to 10 Hz. W. F. Brace will comment later on some of his
recent work; also see Swanson (1969).

We have begun to measure tie uniaxial strength properties of intact
rocks at intermediate strain rates up to about 104 per second
(Green and Perkins, 1970) and under confining pressures to 8 kb

at about 10 per second (Handin, 1969b). We are getting better

‘measurements of Hugonint elastic 1imits at very high strain rates

and mean pressures. A1 this work will soon be extended to
cracked, water-saturated rocks.

Several investigators are working with block models of jointed rock
under two-dimensional compression, and they are comparing the
results with finite-element analyses. Quantitative measurements

of the response of rock to oxplosive loading are underway

(Godfrey, 1969). Unfortunately, it would be rare and fortuitous
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if the symmetry of a natural fracture pattern with respect to |
explosive loading allowed for less than full three-dimensional
analysis. .

As I see it, the most challenging need now is for cheap,
reliable methods of in situ measurements, especially of strength, under
both static and dynamic loading. To be significantly advantageous over
laboratory testing, the field testing must sample a large volume,
preferably several cubic meters, without disturbing the rock mass. The
ideal method would be nondestructive. Attempts have been made, for
example, to correlate seismic velccity, attenuation, or both witi
mechanical properties, but so far the results have been only qualita-
tive.

Another closely related problem is the measurement of the
in situ state of stress. The imprints of tectonic prestress are now
clear on both the teleseismic radiation pattern and the close-in sur-
face strains associated with many large underground explosions. It is
also clear that seismogenic faulting has been triggered. Although the
largest magnitude of aftershocks has been two orders of magnitude below
that of the explosion itself (Evernden, 1969), and the most distant
epicenter has been only 40 km from the shot point (Boucher et a'.,
1969), this phenomenon also compounds the difficulty of the seismic-
detection problem. There is need for stress measurements in deep
boreholes, and some techniques are now under development.

I left our last meeting a couple of years ago with the im-
pression that each group of people working on rock properties, code
calculations, and field tests might as well have met in three separate
rooms. In Albuquerque two years later the situation seemed no better.

There have been too many instances of indiscriminate culling
of the rcck-properties literature, without regard to experimental pro-
cedures, precision of data, and the tested rock as a valid analog of
the medium. 1It's up to rock-properties people to provide reliable,
pertinent data. It's up to the code people to check the sensitivity
of their calculations and to determine which parameters to measure and
how precisely. And it's up to the test people to provide adequate
descriptions of the media and unassailable records of the real ground
motions for comparisons with predictions.

I don't know why we have been unable to communicate with each
other more aeffectively. I do know that until we learn how, we can't
solve the problems despite all the enormous talent available. Let's
hope this meeting brings us =loser together. i
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DISCUSSION OF RGCK MECHANICS

1

)

CHAIRMAN SIMMONS: Thank :you John. I am sure that all of us realize
the amount of effort needed to prepare an overview of such a large field.
t

I would Tike to turn now to our panel meimbers and ask.for com-
ments, both specific and general. Some of you have come ‘prepared with
slides and I think you should let me know when it is appropriate to mesh
in your particular five or ten minute comment. The floor is open for
discussion by the panel members. ’ ‘

MR. CHERRY: I would iike to make one comment first and then ask a
question about failure criteria in general.

- It seems to me that a failure criterion ought to include two
things: It ought to ﬁrov1de a statement of when failure occurs in the .
rock, and it also ought to include a description of the stress ad-
justments that need- to be made while failure is going on. So that is

the statement. |

The question I would Tike to ask is "Do the current (more or \
less) standard rock mechanic strength tests that we have available to
us, like triaxial compression and extension and so forth, have any hope
at all of describing the stress adjustments that need to be made during
the process of unstable fracture propagation?" It seems to me that we
are fairly close to getting some good, or we have some good, experimental
data now as far as the region of stable fracture property is concerned.
What about the unstable fracture ‘propagation?’ What happens there? Are
we reully ignoring that phenomenon in the experinmental efforts that are
going on? :

CHAIRMAN SIMMONS: Do you have a feeling for that, John?

!
!

Let me say, also, that I don't Took to our speakers to answer
every question that comes up here. ) ,

MR. CHERRY: I don't know who I am dddressing it to. 1 would Tike the |
experimentalists to help answer it. ‘ '

CHAIRMAN SIMMONS: Do you want to take a hack at that, John?

MR. HANDIN: T will take a hack at it.: I think Bill Brace, who has
really been more concerned with the details of fracture propagation than
I have, also might wish to:comment; ' ' : ' ; .

I don't think we are ignoring this problem because we don't * .
think it is important, but I don't know how to measure the stress, except
to measure the average stress and consider the specimen as a whole. And
what you want to know, I presume, is the present distribution of stress
within the material after it failed. T '

i
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_ MR. CHERRY: Yes. The only data I have seen so far are those of Byerlee,
who triéd to measure the stress drop after failure.

MR. HANDIN: Perhaps we are talking about two different things. I have
already said it is important to get the complete stress-strain curves.

In that sense, Byerlee is measuring sliding friction. I think we are

on the verge of being able to get a complete stress-strain curve within
the material. But this is still an average curve obtained by measuring
the stresses on the boundaries of the specimen and really not internally.

I don't know how you would measure the internal redistribution stress.

MR. CHERRY: The stress-strain curves that I have seen go up to the un-
rstable fracture propagation. Then they stop; there are no further data.

MR. GODFREY: I was going to comment on your last slide. It seems to
me that the particular unloading data typical of that kind of curve are
not very useful because the boundary conditions on the jacket are com-
pletely unknown and uncontrollable. I don't think that that kind of un-
Toading relates to reality.

MR. HANDIN: What would you like to see?

MR GODFREY: I would 1'ke to see unloading data in a region where I can
find the boundary conditions.

MR. BRACE: I think there is a lot of work these days onlfollowing the
stress-strain behavior beyond the peak.

! In particular, such work is being done by Byerlee, by the
group at Utah, and by me. The conditions, though, are fairly restricted.
Fur example, one keeps confining pressure constant beyond the peak and
follows either the sliding or the subsequent violent or nonviolent
motions that occur on the fractures. That is one very restricted situ-
ation, namely, that the extcrnal pressure on the sample remains the same.

‘There are also studies of the growth of individual cracks in
both tension and compression in glass and synthetics. I assume they
would be of interest here.

MR. GODFREY: I believe that the unloading conditions most useful to the
codes are one-dimensional strains.

MR. BRACE: So one-dimensional, unloaded experiments would be the ones
most useful. To my knowledge they have not been done, although the

“group at Utah provided some information.

CHAIRMAN.SIMMONS: Why do you desire one dimensional?
MR. CHERRY: Because you can model it easily.

‘CHAIRMAN SIMMONS: Does this condition match the boundary conditions in
the earth, though?
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MR. CHERRY: If you have a one-dimensional model, and you do the corre-
sponding test on it, that ought to be the first test that you do in
order to check the model. Then you go to more complicated stress states.
My computation budget is not unlimited.

MR. GODFREY: The cracks that we are talking about are small, certainly
at distances where the seismic response can be considered almost plane
waves and the lateral strains are very small. But I believe that once a
small specimen starts failing then the effective cross-section area
becomes almost indefinable.

CHAIRMAN SIMMONS: What about the boundary conditions on your small
specimen?

Bill Brace, would you comment on whether the boundary con-
ditions of the small laboratory specimen and pressure vessel match the
boundary conditions on a similar volume of rock in the area under
failure?

MR. BRACE: The kind of boundary conditions we can impose most easily
in the laboratory are those of stress. What sort of boundary conditions
do you think are appropriate?

I would like to turn it back to the other gentleman.

CHAIRMAN SIMMONS: I don't know, I am raising the question whether they
are realistic for the earth.

MR. TRULIO: The important, simple one is uniaxial strength.

MR. BRACE: This condition cin be simulated. Perhaps now might be the
appropriate time to give my ten-minute talk on the uniaxial-strain
experiments currently underway.

It is possible to subject material to uniaxial-strain boundary
conditions in a static laboratory experiment. This sort of thing is
done by ourselves, by the group consisting of Wayne Brown and Steve
Swanson, and by others. In fact, the Utah group has pioneered this in-
vestigation.

Briefly it consists of working with a small sample on which
strain gages are fixed. One applies an axial stress and a radial stress.
One measures axial strain and circumferential strain, keeping the two
loads, the axial and the radial, at such a ratio that the circumferen-
tial strain is zero. All the distortion is in the axial direction of
the three principal strains and then only one strain is nonzero, hence,
uniaxial strain.

There are two things that one observes in the laboratory
experiment. One is the ratio of the two stresses required to maintain
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the one strain zero, and the other is the volume change. So we get both
a stress-strain relation and a stress-volume change relation.

Figure 17 shows some of the details of the sample. Basically,
we put the strain gage, or several strain gages, on short cylindrical
samples. The radial stress is applied by fluid pressure acting on the
outside, and the sample is loaded axially.

Figure 18A shows results for a well-known rock, the Westerly
granite. I show two curves here*, plots of the two stresses, the radial
and the axial. The axial stress is plotted on the ordinate, the radial
stress, called the confining pressure, is plotted on the other axis.

The upper curve has been drawn through points at which this rock frac-
tures in a typical triaxial experiment. The lower curve is that which
one obtains from a uniaxial-strain experiment.

Several things are of interest. First, note that the uniaxial
strain falls well below the fracture curve. It doesn't seem to be
trending toward the fra.ture curve at high pressures. In other words,
it is still converging somewhat at the upper right hand part of the dia-
gram. Note that the stresses obtained here are considerable. The
stress is in excess ¢f 35 kb required for a fracture. The stress in the
uniaxial case reaches 24 to 25 kb.

Let me describe quickly three or four results of this work
for the class of rock that includes granite.

The uniaxial stresses restricted to the uniaxial-strain con-
dition produce no obs::rvable yield and no observable cracking although
the axial stresses roach in some cases about 30 kb with 10 kb confining
prescure.

The second point is the ratio itself of these two stresses in
the uniaxial case. If this material were perfectly elastic, they would
be related to Poisson's ratio, and we could take points and compare with
wrat one gets in an ultrasonic measurement of the shear velocity at the
same confining pressure. The values of Poisson's ratio that you obtain
by taking this ratio and the one you take from the ultrasonic data, are
quite different.

For example, at the upper right hand end of this curve ultra-
sonics gives about 0.27 or 0.28 for Poisson's ratio. The values taken
from this curve are 0.33 to 0.35, so if one were tc turn around and try
to calculate this there would be an appreciable error. The reasons for
this difference are rather intriguing.

The third point: One can compare stress-volume chanje from a
uniaxial experiment with pressure-volume change from shock experiments.

*Editor's Note: One of these two curves is missing from Figure 18A.
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We have compared ours with data given by Jones and Froula, Figure 18b,
and there is very close agreement beyond a few minor differences near
tne beginning of the curve even though the strain rates in these two
experiments are enormously different. The strain rates in our experi-
ments are in the order of 10-4; those in the Jones and Froula experiment
“re probably in excess of 103. So, essentially, the stress-strain beha-
vior is the same in these two experiments.

I should add that comparison of work done at Utah and work
done at MIT on the same rock so far shows very good agreement.

The final point is that for the second class of rocks, those
materials in which there is porosity, there is inelastic, nonrecoverable
deformation. For example, in Solenhofen limestone above about 6 kb you
start getting a permanent compaction of the material. There we could
see significant differences between shock and static uniaxial results,
namely, that in the static, the slower experiment, there is more com-
paction, a oreater volume decrease at a given stress than in the high
strain rate shock experiment.

CHAIRMAN SIMMONS: Thanks, Bill.
MR. BROWN: Wayne Brown, University of Utah.

The curve that Brace just showed is very similar to nur curve,
and the significant thing is that the fracture curve is at best parallel.
It seems to indicate divergence. The point is that we have not broken a
rock in uniaxial strain. [ think that is also the situation Brace found.
The fracture curve which was shon seems to be somewhat universal and
independent of the loading path,. We have tried different loading paths
but constan® confining pressure and also find that the curve seems to be
universal.

MR. CHERRY: Wouldn't it be easy to reduce the material strength by
saturating it?

MR. BROWN: The path has to change direction; it may very well do that.

MR. BRACE: These stresses are effective stresses that we show in a plot
like this so if there were fluid pressure then we would have already sub-
tracted it. Our general experience has been such that when we use
effective pressure this completely skips the effects of the fluids on
both of these curves within certain limits.

MR. HANDIN: I think the point is though that you achieve maximum capa-
bility of the strength of your apparatus. By saturating the rock, you
can get closer to the fracture line.

MR. CHERRY: That is right. Reduce the strength or make the rock weaker.
Why test the strongest rock you have in uniaxial compression when you
know you are not going to fail?

39
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CHAIRMAN SIMMONS: Are there other comments from the audience on this
particular phase of the discussion? -

MR. MCFARLAND: I want to make one comment. It seems that most of these
experiments are stress controlled, and the problems of measuring the
stresses are not going to come out of these in tests where you failed.
For known stress you have a strain, and that is an indeterminate problem.

Perhaps if you can do controlled strain experiments to follow
the stress you might get some more direct information.

MR. CHERRY: Yes, I think that is what I said.

MR. MCFARLAND: Well, the point is that these are stress-controlled
experiments that we run.

MR. CHERRY: Yes, I know.

MR. GODFREY: I think the problem is--1 don't know how to solve it--that
when the rock begins to fail it is confined in a different way when a
fluid confines it and there are resistances that build up that are not
constant later. As the thing starts to fail along a fracture plane,

the stresses, the lateral stresses, are not equal and they are preventing
it from moving catastrophically. Although I don't know how to solve this
problem, these are the kind of unloading data you would 1ike to get.

MR. TRULIO: I think the immediate practical value of a uniaxial strain
test lies in the fact that for tamped explosions, hopefully, you have a
symmetric field, and that shock is uniaxial. It does subject the materi-
al to a uniaxial strain and at least you understand what happens to the
material on the first shock.

CHAIRMAN SIMMONS: You mean it is radial, don't you; it is one di-
mensional.

MR. TRULIO: Semisymmetric.
CHAIRMAN SIMMONS: Is that equivalent to uniaxial?

predict motion. I think one of the things that would be important, too,
is to know if you did take the material to uniaxial failure, would it
crack or would it powder? That information might have a significant
bearing on whether gases have an Tmportant influence on the way pressure
varies as a function of time in a cavity after an explosion. If you
have radial cracks that is one thing; material powder is another.

MR. GREEN: Sid Green, General Motors.
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I think it is worth commenting that we do have some profiles
in addition to the classical profiles. We saw a break in the stress-
time profile at about 13 to 15 kb which we had interpreted as yielding,
but wi. are not so sure, and partly due to the insistence of Jones this
may not be yield at all. We also have a shock that goes above 30 kb.
A1l these are in Westerly granite.

MR. MADDEN: I have often made electrical measurements on samples, and
there is obviously a very strong bias in this where the field measure-
ments are almost always more conductive than the laboratory measurements.

The question referred to somewhat in Handin's talk is to what
extent this bias enters into the mechanical problems that are of interest
to this conference? Clearly in the electrical experiments I think the
explanation would be that you never have in the laboratory samples from
an adequate sampling of the cracks in place because certain cracks are
Teft behind and never sampled in a small sample.

The question is to what extent is a similar bias important in
the mechanical problems when we use the laboratory data to understand
the actual field behavior?

CHAIRMAN SIMMONS: Do you want to answer that question, John? You might
brief us on how well the 1ab data matches the field data.

MR. HANDIN: Obviously not very well, that is the problem. At this
stage, I think, we are attempting, as best we can with 1imited sample
size, to simulate the real world and particularly the defects to which I
thirk you are referring. Then we hope that when we make the extra-
polation of the larger scale that we are not overlooking something
serious,

The only alternative to this procedure that I know is an in
situ test which, in the case of strength properties, is very difficult.
And, in fact, an in situ strength test at great depths where a rock is
under high confining pressure has not yet been achieved. This is a dis-
advantage comrared to your business. While your field tests may be more
expensive, they are not in principle very much more difficult to make
than the lab measurements. Ours are; because they are, all we can do in
the Taboratcry is try to simulate the natura® defects as best we can with
full recognition that we are off in scale by irders of magnitude.

MR. BRACE: There is some Timited work on large scale uniaxial loading,
particularly in South Africa. They have worked with blocks of coal up
to, I think, ten feet on a side and then they have the possibility of
comparing field and Taboratory at least in uniaxial loading.

Also, hard rock and norite, I think, were dore there. The
upper limit of size was about three feet on the side. 7The general
results of these tests show that, as you would expect, the elastic
properties are normally affected by the joints and are lower relative
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to the values of the laboratory sized samples. The extensions aren't
too different, particularly for hard rock. I beljeve about ten to
twenty percent.

MR. SNOW: David Snow, Colorado School of Mines.

I wish to suggest two possible ways to get a larger scale
effect. First, in the field vou can induce uniaxial stress changes by
lTowering the water table. For instance, one can draw down the water
uniformly. Even if you have plane-strain situation, you can measure
the horizontal stress by some instrument.

Another approach that I propose is that one measure the me-
chanical properties, that is the stiffness, both normal and tangential,
on natural materials tested in the laborator » that is, niturally
fractured cores with strain measured across these cracks as well as the
intact portions of these ccores. This would give you the necessary
mechanical attributes of, let's say, a two-dimensional fractured medium
of any size that you want to examine. Then, of course, you impose the
boundary of no lateral strain and compute the change in the lateral
stress that would correspond to a change in uniaxial stress load.

CHAIRMAN SIMMONS: Jack Healy has a short discussion to present.

MR. HEALY: Barry Raleigh asked me to come here in his absence and pre-
sent some of the comments that he would 1ike to have made, and I have
some of my own. I think they are best handled in a short presentation.

Basically we have two things to say. One tends to simplify
the problem, I think, and the other tends to complicate it. First of
all, we have attempted to match near-source measurements from particu-
larly the Sampson-Sterling nuclear experiments with seismic data.

The primary part of the problem that one would be interested
in from a seismic or teleseismic point of view is that portion near the
shot where the stress waves become elastic. It appears that we can
model this physically by a very simple model, namely, a step function
in pressure inside a spherical cavity. By superimposing this model on
the data, we can model both the near-field displacements and spectral
ratios for seismic waves recorded at a distance.

Now, this is a bit surprising, but I am going to show you
some data that tends to justify this model. If this model is as good
as it appears to be, it means that from the point of view of decoupling
or the seismic observations alone, the details of what goes on inside
of the cavity may not be very important, except insofar as they con-
tribute to storing energy in heat rather than in momentum during the
physical process that takes place.

The other comment that we have is one which stems directly
from John Handin's remarks this morning and Raleigh and Curby's

42



r—

measurements..at :the test site.c If:these ‘statements:about rockistrength
are ccrrect, and if :ov ~:ohservations:-about' the rstate of stress @at ithe.. .
Nevada Test::Site .are correct, then. there is no ipossibility that wencan i :
see of ‘evading major- hydrofracturingifollowing ‘a nuclear ‘explosion.is -
This makes: it absolutely necessary.to do a.three-dimensionat :calculation
to study: such:problems as contairiment and: atso .to-understand.the lorig- '
period ‘radiation fram:these -explosions. 10 .«  co0 o 0 e gt

, [The slides used in support of Dr. Healy's statements were not
available“for'ﬁnciusionmin.thése“pnocéedings.]w?ln the first,slide, we
see the jpositions from Sampsom=Sterting.  Sampson-Ster]ing-was'about : -
2,000<ft deep, as I recalt, ‘and' there were ‘gages placed on .radi‘i both i
above rand :below, and:particularly :1aterally with, the shot..o~Thaugh we " j
needn'tfcdncenthétewon'ititooumucﬁ;'theseoare?ihditating'yelocity;gagesn
to give:us ‘ground ‘disptacements inear the 'shot:and ‘I show iquite ra «few :0f -
these. The point I want'tomake is that :we:can match:these shapés of -
displacement curves with this very simple physical model which predicts
the smooth -11he going-through the ‘data: :We-have allowed . tHe.apparent
elastic radius to.varyptin:matching, but 'you will notice that they are-
not inconsistént.: There is-156 on.the top, ‘then:it goes to:143; 137,
143 The principal‘pcint :here =is that “this simple -model-matches the -
data'better than the experimental accuracy:- ‘In-6ther ‘words ; “consistency
of the-data with the model:ts:better than the internal consistenzy:of". .
the data. ; S il N I R e e g B B

JCHE RN R, 28 S og ] . i Nt ;

The next slide shows some more of the same data, and I want to
call your attention particularly to the two bottom traces, which are at
659 m and 744 m. They both give an apparent elastic radius of 174 m.
These were the farthest measurements from the shock and are above the
point at which we believe the propagation finally turned from plastic
to elastic. Again, look at the remarkable match with this surprisingly
simple model.

~

The only substantial deviation that isn't explained at all
physically is the very tiny forerunner v'iich is one of the well known
elastic precursors. The match for Sterling was not as good, but again
the two farthest measurements are fairly well matched, and the devia-
tions, the big negative displacements and the two closest ones are not
predicted by any model. They might possibly be errors in the gage
measurements or they might be related to some kind of cavity collapse
following Sterling.

Anyway, my main point is that I think these measurements show
there are some very simple approximate calculations that might be done
in the decoupling problem. In the next slide we have gone ahead to use
this concept to interpret the seismic failure. These are Sampson and
Sterling seismic spectra, smoothed and unsmoothed. I only want to show
you the difference in character, Sampson on the left and Sterling on
the right. The top is unsmoothed and the right is smoothed.
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The next slide shows the spectral ratios of these two for the
number of different sites which were recorded. Once we accept this
simple model, first proposed by Shulips some 30 years ago, we can then
calculate from the seismic. data the apparent elastic radius. -We cal-
culate an apparent elastic radius for Sampson of 169 m which compares
with 174 m from the minimum, and one for Sterling of 29, which compares
with 130-140 m. Sterling isn't quite as stable. The pressure ratio is
about 4.15, which compared to about 5.

If we use this simple model it leads us to our next conclusion.
This is predominantly an outward motion around this explosion. The
details of how you get into that step control the bending in this spec-
trum. They probably are rather limited by simple geometric conditions,
i.e., the radius at which this becomes elastic'is a powerful control on
the nature of this displacement motion, and it is to scme extent inde-
pendent of the physical behavicr of the rock materials.

We calculate for Sampson at that elastic radius, a pressure
of about 400 bars, and this requires a much higher pressure within that
cavity. The natural cavity was 17 m, which presumably was 20 m at the
time this stress wave passed by. So the pressure inside that cavity had
to be much greater than 400 bars. Now what happens in a cavity at 2,000
ft or so where, I think, the overburden pressure was about 80 bars with
some half a kilobar or so of pressure in this? A!l that we have heard
this morning says that there must be hydrofractur: occurring.

In salt the hydrofracture is probably going to be vertical if
there is any horizontal stress at all. We don't have direct evidence
for this in Mississippi, but we do have quite a bit of evidence at the
Nevada Test Site. _

Barry Raleigh attempted to measure stress inside a hole that
was later used for a nuclear explosion. The chambers were big enough
to descend in an elevator and work in the base of them with drilling
equipment. They used an old technique of drilling several holes into
the wall rock, mounting or pasting a transducer on the surface of the
rock at the base of the hole, and then in steps making measurements of
the strains as they have penetrated the wall.

This particular method was tested by Earl Hopkins and cali-
brated in the laboratory. They obtained the following results: The
ozz, or the vertical stress, was about 4,000 psi; the oxx for one of
the horizontal stresses was about 15005 and the oy was about 2,000 psi.
In other words, the horizontal compressive stresses were substantially
‘Tess than the vertical, which would be the case for normal faulting.

Unfortunately, they had a drilling failure and they didn't
get enough data, so they don't believe they have accurately determined
the principal stress. But they do have this value of less than 2,000
'psi, which is a.~ut 70 bars, and that is in good agreement with resul+*s
in seismic measurements.
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What does this imply? It implies that following the detonation of this
shot there should be a major vertical hydrofracture through this region,
and it also implies that the rock around the shot should be accompanied
by normal faulting.

I have some slides to support these contentions. Next: slide,
please. This is a strain meter, a vertical strain meter, installed in
a 4,000-ft deep hole. These were operated both for Jorum and Handley,
and both were very similar. The vertical displacement is on the bottom
scale. Notice that at the time of the shot there was a shock; there
was clearly a major explosion. Now for the Jorum shot, Cal Tech, and
I believe also the Colorado School of Mines, has shown a delay here
that took place in approximately 30 min--a very long delay. Barry and
others were looking for this. But both for Jorum and Handley following
this major pulse thera is a delay here that lasts only about 70 sec. It
is impossible to get this kind of delay from any thermal cooling in the
cavity. It is also inconsistent with any of the simple seismic or
plastic models around the source. One good explanation for why this
might occur is the major hydrofracture which relieves the cavity pres-
sure and allows it to decrease,

Let me run through the next slide. These are earthquake
solutions associated with Benham. Notice there is one north-south, but
over near the source there is predominantly dip-s1ip motion which is
again in agreement with this in situ stress measurement. These are the
tension and compression axes for these fault plane solutions. The open
circles are the tension axis indicating a tension northwest and south-
west in direction, which is again consistent with this other measure-
ment.

In summary, I think these two points should be considered:
One is the possibility of understanding the first compression wave may
not be as complicated, becayse we can summarize some of the complexities
within the cavity and neglect them, looking only at Tonger term dis-
placement along the elastic radii. The second seems to me a necessity
of looking carefully into this matter of whether or not we .re hydro-
fracturing the zones around the nuclear explosion.

MR. GODFREY: In line with John's comments about a cheap in situ test,
I might just point out that there was a program we were involved in
where the specifications required measuring a dynamic, in situ modulus
at a specified lToading state. We didn't know how to do it, and we

. devised an experiment that involved burying a sphere of explosives,
about a ton, which is about as small as possible to stil] get data that
is significant with respect to the jointing, spacing, and other things.
You put instrumentation at various radii and you measure the loading
and unloading. We were proposing to do 200 or 300 of these tests, but
that part of the program didn't ever mature. If John thinks $100,000
is cheap, that is about the cost of one experiment.
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CHAIRMAN SIMMONS: Jack, what. is the status of hydrofracturing in hard
rocks, 1ike granites? Has anyone ever tried this? I am familiar with
the work of the o0il industry on sedimentary rocks.

MR. HEALY: We think that is what happened in Denver, but there is
really not, to my knowledge, a great deal of engineering experience with
hydrofracing and the accompan,ing measures down hole to explore these
measurements. But it is th: on'y way that you can explain the amount

of fluid that was pumped in thc Denver well, for example, or the rate

of change of permeability. Another point is we don't understand, but

we are suspicious of, the very low fluid pressures in the crystalline
rock beneath the well. It would seem to me that there is a suggestion
that hydrofracing can play a major role in fluid propagation in crystal-
line rock, even under natural-conditions in some cases.

For example, at Denver if you ran the Platte River over to
the hole, which wouldn't be any trick at all, it would run down that
hole as nearly as we can tell.

CHAIRMAN SIMMONS: I have forgotten how big the river is there.
MR. HEALY: It is pretty big. It could be very exciting.

MR. PRATT: I would like to mention that we are running a series of

in situ tests at Cedar City, which we hope are cheap. and we are using

a configuration of cutting out a triangular shaped prism, cutting slots
here and here and one at the end. Then we load it with either a series
of flat jacks cr explosively if we can do it, dynamically instrumenting
the top and side. We were in the field experimenting last week.

We hope by early fall to have some information. Because the
tests are 8 in. on the side we can excavate the rock and take it into
the 1ab and crush it in a large testing facility. We are trying to make
the transition from the lab to the field and trying to include para-
meters that are inherent in all the rocks. So we are hopeful, and it
is cheap.

MR. ATCHISON: Tom Atchison, Bureau of Mines, Minneapolis.

I would Tike to comment on Jack's remark of the simple, cheap
solution. In the work the Bureau has done in smaller scale studies,
both crater formation and stress pulse work, including wholly coupied
and decoupled charges, we found that we could not only get pressure
curves or strain-pulse curves with amplitude conforming to the theoreti-
cal step-function predictions when we use the elastic radius as our
source, but we also could confirm the frequencies.

Of course the trick is determining the elastic radius, and we
actually worked backwards in the beginning, starting from the frequen-
cies that we have developed in our strain and pulse measurements for
various decouplings. From this we were able to get a correlation between
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MR. HEALY: There wasn't"in Sampson; ‘there was a very close match.

There are questions about whether an individual measurement is good to
within a factor of two in the near field. There is much scatter within

the data. I am saying that our model matches the observations as well

as any other model, and because it is so simple I prefer to use it

until we find another model that matches better. ' . ,

MR. TRULIO: By a mode1, you'mean merely that you assyge a step function
of the elastic radius and from there it is just a matter of élastic . °
propagation of that particular pulse, a displacement of that function.

MR. HEALY: We don't assume, we demonstrate that we can match the ground
displacement by an elastic solutTon. It turns out that the elastic

solution is a step function inside a specified cavity, That is what all
those figures are that we showed.

1

MR. TRULIO: If we were to postulate, for example, a gfven yﬁeldlin a |
given size cavity, how would you use the model to calcUlate the signal?
What are the input and output? ! - : ,

MR. HEALY: Suppose'we pgstul;te'a given yield 'in the salt belt. We
could take that radius of 174 and that will scale, then, as the cube
root of the charge size. ' v

i ! !

MR. TRULIO: That certainly isn't true for a fixed cavity radjus.
' ' I H
MR. HEALY: This is a tamped shot you are talking about. =

1
MR. TRULIO: No, just an arbitrary configuration. ‘Let's assume it is
symmetric for the sake of argument.

out, which may be a little different than the long-term behavior. The
Tong-term behavior probably can't be elastic. But this very short pulse
appeared to be elastic when it reached a level of about 400 bars. So we
can calculate that when the pressure out of the cavity reaches a level
of 400 bars it will be elastic. 'Then I need to know the equation of
state of the cavity and what the cavity pressures will be. We can pos-
sibly extrapolate those pressures and determine the elastic region of
the radius. From that we know everything about the spectrum ot the
source, with the exception that it is not perfect. We are arguing about
a factor of two maybe, butlnot'an order of magnitude. . -

MR. TRULIO: But ybu are not saying you can calculate an elastic radius
for an arbitrary shot, are you? :

1
]

MR. HEALY: It depends on the shot, which can be measured from another
shot or laboratory measurement.. e
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MR.lTRULIO: The elastic radius also depends on the mechanical details.

MR. HEALY: Not in this light. It only depends on the equation of state
of the salt at that pressure. It doesn't care what happened in that
cavity. It only depends on what happens as the stress wave passes that
point.

MR. TRULIO: I guess I am not clear again. If I understand you, you are
saying that you can predict the radius from any given circle configura-

tion--by predict I mean not do an experiment and measure it. From your

model I am not clear how you do that.

MR. WEALY: You need some experimental data. But we are saying that ysu
don't need the whole equation of state. You only need to have the piece
of data that teTTs you when the waves become elastic.

MR. TROLIO: That is a pretty involved thing to calculate.

MR. HEALY: Then we will measure it. Put a small shot in the salt and
measure it,

MR. TRULIO: I can see this is valuable for diagnostic purposes, pro-
vided that there may be limitations on it.

CHAIRMAN SIMMONS: You keep saying salt. Are your data only for the
salt shot?

MR. HEALY: The data I presented comes from the Sampson Sterling.

CHAIRMAN SIMMONS: Are you willing to extrapolate your model, then, to
hard rocks?

MR. HEALY: I think it is suggestive, and Jack Murphy can tell us more
than I can about that.

MR. MURPHY: We have used somethina of this sort for rhyolite and tuffs
at the test site, yes. In other words, we used initial measurements
for the elastic radius and pressure and profile at that radius to
compute the seismic forcing functior.. Given a measurement at a distant
station, we would have scale from that and scale from the source
" function. This, of course, would vary from media to media, and the
initial measurement would determine the elastic radius, and possibly
the pressure profile might change from media to media too.

CHAIRMAN SIMMONS: As I understand this discussion, Jack says--and some
others here seem to disagree--that given very simple models of the
equation of state, namely, the pressure at which the material becomes
elastic at the appropriate frequency, then you really don't need to
worry abouyt the details of strength; that you can caiculate everything
from your very simple model and it matches the data for the salt very

~ well, is that correct?
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r ~ MR, MHFALY: That is pretty close. 1 am not saying anything terribly
surprising or profourd. The spectra of the seistic wave is controlled
predominantly--the f.ctor of two is in argument--by the clastic radius
or the apparent elastic radius. This can be measured in a number of
ways, either in situ by firing a small shot or by laboratory measure-
ments, and this tells us about the spectra of thit shot.

MR. PHINNEY: There i one point where we are a little confused. Ve are
taking elastic radiu- to be any vadius out to this point which you are
describing as elastic radius. Any point in the rlastic region can be
used as a point on vhich you would specify initi.1 conditions of source
function and from wtich you could then in princinle compute the response
at any other point in the elastic region. Are you saying that you
actually provide the elastic radius?

! MR. HEALY: The elastic radius. This would give the best fit for step
function in pressurea.

MR. PHINMEY: So you have a one-parameter method?

; MR. HEALY: So it is an apparent elastic radius, calculated to fit this
simple model that might vary a Tittle. Its physical meaning is not !
clear. It is, of course, a gradational radius, but the numbers that
ccme out of the anilysis are rather precise.

MR. PHINNEY: This gets into the matter of source function now, If I |
try to determine what happens in the real problem, and I take my far-

field data and anaiycicaliy continue iU imeard, thon you are saying 1

reach a certain point where there is a step [ might actually go. You

have essentially computed the radius of which there is a step, but that

is not necessarily ....

MR. HEALY: No, no. You can take your far-field data and analytically
continue them, at which point it will begin to depart from the actual
measured values because the model is no longer behaving elastically.

' MR. PHINNEY: How do I know this?

MR. HEALY: Because I showed you the profiles cemonstrating that this
apparent elastic radius is increasing as you move out from this source.
The pulse, in other words, is broadening; the primary plastic effect
seems tn be broadening this puise or making the aguivaient clastic
radins appear larger, which is physically very satisfying to me. It is
not perfect.

MR. PHINNEY: I quess that this apparent elastic radius is not clearly
what these gentlcnen want. .

MR. ROTENBERG: The radius you are talking about is an input to the
model, not an outpit from the model.
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MR. HEALY: We input either the near-field displacement measurement ; or
the spectral ratio of the Sampson-Sterling and we came out with the
elastic radius. :

MR. ROTENBERG: I think the confusion resultcs from your calling it an
elastic radius. It really isn't.

MR. HEALY: I call it an apparent elastic radius. 1 vas very careful
about that terminology. Tt does appear tn be the elastic radius , I
don't know how you know that it really isn't. Because at this r adius
you do see that the elastic precursor which we showed you that continues
to develop, the velecity of this main pulse is lower than the e'.astic
velocity. There is lots of evidence to suggest that in this ore case
which I showed it was inelastic propagacion out to that radius,

MR. PHINNEY: This may be different frcm what you have done, Jut it is
not clear to me. Has anyone actually “aken the data at a nei,r-in point
and used this data as the source function, as the initial coaditions for
continuation of prediction of data at a greater distance an assuming
that we are in the linear region?

MR. HEALY: Ask Ted Cherry.

MR. CHERRY: [ do try to predict the reduced displacement potentfal
functions for all the shots that we do. I found that tte reduced dis-
placenent potential is affected seriously by the proper:ies of the
material, such as the amount of hysteresis, strength, ad so forth. We
have tried this technique and had some success. You ca1 vary the para-
meters in the code and you finally match the observed Fotential. For a
model to be a real model it has to have some prediction capability, |
think we quarrel here about the advisability or the cost, of actually
doing a shot to determine the seismic efficiency of tihe material; we
have all felt that it is fairly expensive.

The thing that we are trying to do, it seems to me, is to
devise a suitable testing procedure, pre-shot in the laboratory and
maybe some corresponding in situ logging tests to adequately describe
what a material is going to do and how it is going to behave so that at
that point you can predict the seismic effects. It seems to me that
was the issue we were addressing ourselves to here. Just taking the
shot data and saying, "Well, we can match this with a step functior and
pressure at some radius," gives some insight into what has happened.
But with this approach, maybe you start to worry about how good your
predictions are going to be on the next shot in a diffierent environment,
and where the elastic radius is going to be and what sort of pressure
you are going to have to apply to that elastic radius to predict the
observed displacement at a point.

CHAIRMAN SIMMONS: I expect that some of this same discussion will be
appropriate following the presentation on code calculations. I would
like to turn to something else, with the panel's and the audience's
approval.
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M. CHERRY: I would like to return to a point that Brown brought up a
while ago. I believe he said that the loading curve in stress-strain
sdace did not intersect the fracture curve, the fracture line for most
material. If that is true, it seems to me that maybe we could conclude
that fracture is not going to be important in wave propagation in gener-
al. The question is, do ve use these fracture data in our codes, and to
whet extent are we dependent on that research?

MR. TRULIO: If that is true, in the first place it just applies to
uniexial loading and that can only be assumed to take place at a shock
found in the kind of problems we are really interested in. Fracturing
can occur at any stage later in the motion. Failure could occur under
much more complicated conditions of stress, and those are observed to
happen in fact in code calculation. That is why, as I think I tried to
say before, this is just one piece of the problem, but a good one.

MR. CHERRY: I certainly have to agree with that in principle, but I am
just wordering does it make any difference quantitatively?

MR. TRULID: Yes, it does.

MR. GODFREY: I don't think one has to worry about what ycu suggested,
because with the fracture curves that I have seen, if you go up high
enough they become almost horizontal ultimately. Whereas the uniaxial
loading curve, if you follow it up high enough, becomes convex upwards.
They must intersect somewhere.

CHAIRMAN SIMMINS: Bil Brace, would you like to comment?

MR. BRACE: I think Wayne Brown has probably done more of these ‘experi-
mental studies of uniaxial strain than I have. Would you agree with
that last statement? Will it have to intersect somewhere?

MR. BROWN: It could be. But we haven't seen this.

MR. GOOFREY: I will retract that Statement, because I was talking
about something that does go up.

MR. BROWN: We have seen the curves become parallel and start to diverge.
Although we think maybe there is some kind of intersection if you get
far enough,

MR. VANNING: It might be very well that the cracks are already there
anyway. We do have large rocks. Maybe that is the reason we don't have
this problem. The cracks are there and all they do is allow the
material to slide.

MR. STEPHENS: On shock loading you have a uniaxial experiment and a
need to get a 1imit on every rock eventually. This implies a one-
dimensional strain experiment has achieved failure. I know of no
obvious exceptions to this rule.
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MR. MOORE: Henry Moore, eological Survey.

[ wonder what sort of geologic observations were going along
with these programs. My experience has been with missile-impact
craters. Immediately beneath the floor of the crater we find mixed
breccia composed of projectile and sheared and compressed target
material. As you move outward from the impact point we run into a
region where the material appears to have flowed. Beyond that we run
into a set of fractures and then this dies away.

In addition, you run into scaling problems for the missile-
impzact craters which are very small and might be only about 18 ft or so
across. The spacings for the size of the fractured pieces are a matter
of inches across, whereas if you go to a place like Teapot Test Site
the spacing between the fractures is quite large.

MR. MC FARLAND: When you reach the stress at which brittle fracture
would occur, you very litely do not have a shock front anyway. That is
a point to consider. Anotiher thing is that the uniaxial strengths have
indicated in some instances they do intersect the triaxial failure
envelope and in other instances they do not. This is the sort of case
that Ted was talking about earlier. In that instance apparently it hes
some material test.

CHAIRMAN SIMMONS: I have a distinct impression that the study of the
property of rocks ranges over a whole spectrum. At one end is the
treatment of rocks as a very simple-minded, isotropic, sinale-phase, very
well behaved material, which is probably the approach of people who know
nothing about rocks; and at the other end .s he very detailed approach
of the petrographer who spends a lifetime studying one thin section.

It seems to me somewhere in between we ought to have a careful look at
tying these two things together. [ have a suspicion that one of the
best places to do this is in the examination of microstructures and the
effect not only of the elastic properties but the inelastic properties.
There are a very few people who have done anything along these lines.

I think the people in ceramics have found there is much information in
the microfracture of their materials that they can relate to strength
and can relate to elastic property.

So I might ask a question: Do you know of anyon2 who is doing
this kind of thing for us in rock mechanics? I don't.

MR. GRINE: We are doing several projects on which we are studying the
effects of both microfractures and hydrofractures on uniaxial strain
dynamic experiments. We have microfractured Hesterly granite, for
inctance, by subjecting it statically to unconfined tests. Then we
have done uniaxial strain with a gas gun on this rock as well as on
rock taken from adjacent locations. On the dynamic loading curves we
were not able to see any significant difference in the whole shape of
the loading, including the elastic 1imit from a microfracture. That is
certainly part of the rock texture.
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We are doing the same things on rocks that have multiple compo-
nents, like granite as compared to quartzite. We see quite a difference
" in the shape of the 1oading curves in whether or not one obtains a

steady state. , .

In gencra] in the single component rocks like quartzite, we
have studied specimens up to 4-in. thick. These experiments are not
repeated. In grénite we do not see a steady -tate attained. The rise
time continues tn increase over the thickness that we so far studied,
which is only up -0 an inch, but we are going up to a fcut in the near
future.

MR. HANDIN: I am not sure I understand your question. But I don't
think there is anv rock testing man in the audience who doesn't do his
work in conjunction with very careful micros Cp1C studies of deformation
mechanism. Perhaps that is not what you had in mind.

- CHAIRMAN_ SIMMONS: Specifically I had in mind from my own work, we think
we can explain th2 behavior of the compressional velocity in terms of as
yet perhaps unideatified microcracks which are much smaller than the ones
this gentleman is talking about. In addition, there are always elastic
mismatches at grain boundaries, and it is this kind of very small micro-
scopic detail that I was raising a question a< to whether anyone really
looks at and tries to understand in detail, rither than what you are
suggesting. There is no question that everyone is careful to look at
the sections of his rock before and after deformation. I didn't mean to
impugn your reliability as an observer. [ was trying to raise a
question. I thirk what happens between grains elastically is a very

- complicated relationship. I don't even know how.to set the boundary
conditions myself.

MR. HANDIN: I am not claiming we understand a1l these things, but I do
. claim we are trying. . )

CHAIRMAN SIMMONS. That is all I am asking

MR. KNAUSS: I heard a quest1on from Dr. Cherry essentially asking what
the experimentalist's evidence has to say for the input to his computer
program. It occurred to me that the experimental data presented tecday
deal essentially with fracturing in-simple laboratory tests where the
fracturing occurs along fairly well defined faults and that the subse-
quent strain behavior incorporates not only the motion along the fault
but also the deformation of the total specimen.

It seems to me when you want to do computer calculations you .
again deal with large rock masses, but these large rock masses contain
several faults aad the motion occurs mainly along faults.

e The orastion therefore arises, in a given mass of rock how

many faults do vou have? The motion that ocrurs along faults is the |
primary mechani-in you may have t§ incorporate. [ have not heard anyonc
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say anything. about, this. When, you do this, althcugh 1 have not, ‘you end
up with computer calculations possibly as gages to: nonunique’ solutions,
because then you.begin to get 1nto the area: of, roughly speaking, ' .
elasticity. . AR

MR. MOORE: In the crater we!find sheared and compressed material. The
original material might. be: 9.5 g/cm3 and ‘then compressed to-about -2.2.
If we look at the craters'in water-saturated lakebed, we find no evi-
dence for shearing and compression on the target area.

These kind of observations are pretty important. And this is
accompanied by the fact that the craters in the water-saturated material
are about six times larger by volume than their dry counterpart.

MR. BARRON: I want to get back for a moment to the question of models
and peint out where we stand now as to where we stood two years ago.

At present, we are certainly, from laboratory tests, beginning
to get from such people as Wayne Brown at Utah and others pretty complete
sets of data, admittedly on relatively small samples, but fairly complete,
such as uniaxial tests, triaxial tests, proportiona] loading tests, and
pressure-volume tests.

~ What has evolved among various pe0p1e is a capablllty of
de.eloping what you might call mathematical models for the large codes
which, at least before you put them in the code, fit the data that come
from the various tests in an overall picture. This is quite different
from several years ago where you may have had one test and one measure-
ment from a test and sort of threw a coin to figure out what the other
parameters were going to be. At the same time, it seems to me, whereas
this apparent elastic-radius approach is perhaps a good empirical ap-
proach to getting certain answers, if you want to apply an approach to
different materials under different conditions, etc, number one, you
have to start off with a mathematical model to do your calculations
which will satisfy the experimental data, and, secondly, when you run
it in a code you will have some hope of uniqueness.

You can by playing around with two or three of these para-
meters, in some cases get from one point to another point in the medium.
This does not mean that you are solving the prob’em. You have to be
very careful if you are going to use this approach from a general view-
point. Therefore, my feeling is that one has to progress along the
point where starting at the beginning one can calculate the fields at
all distances. If you can, then you think you are not afraid to use it
as your next problem.

MR. HEALY: Let me try this question again. The step source in a speci-

fic cavity has one unique thing about it: it is the simplest conceivable
physical model that might match the data. It is just the simplest one.
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We took that model and tried it against real data. We matched the
Sampson-Sterling data as well as anyone ha:. ever matched any data at
the elastic region. Furthérmore, the model is adequate to tell us what
this means in terms of teleseismic decoup1-ng.

Now, if you believe the work of Love and Lamb and others and
the uniqueness they prove for the solution of the elastic wave eauation,
if you can fit the boundary conditions and match the displacement shape,
then that is the only elastic solution to the problem. There is no
other. It is not a question of having 40 different models.

We admit that there is a factor of two; we are not saying
there is anything wrong with attacking this problem with large com-
puters. It is certainly necessary. But I don't think we should resist
the fact that a very simple 1dea gives us a lot of answers.

MR. BRACE: I wonder if I could come back to the question raised earlier
about the behavior of the material with multiple faults and fractures.

I was talking to Steve Swanson of Utah this morning. I think there was
some very new work which he might mention just briefly.

MR. SWANSON: Yes. We compared some experiments that Byerlee and Brace
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